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GRAPHICAL  ABSTRACT 


•  Ceo.sSno.202-,5  solid  solution  is  pre¬ 
pared  by  a  simple  one-step  sol¬ 
vothermal  route. 

•  Incorporation  Sn  into  Ce02  enhances 
its  oxygen  storage  capacity. 

•  Ce0.8Sn0.2O2-(5-C  is  used  as  a  co- 
catalytic  hybrid  support  for  Pt 
electrocatalysts. 

•  Pt/Ce0.8Sn0.2O2-^-C  catalyst  has  a 
triple  junction  structure  (Pt 

— Ceo.8Sno.202-i5— C). 

•  Pt/Ce0.8Sn0.2O2-^-C  shows  great  cat¬ 
alytic  properties  for  methanol 
electrooxidation. 
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Ceo.8Sno.202-<5  solid  solution  is  fabricated  using  a  simple  one-step  solvothermal  method.  The  synthesized 
solid  solution  mixed  with  Vulcan  XC-72  carbon  black  (denoted  by  Ceo.8Sno.202-<5-C)  is  employed  as  a  co- 
catalytic  support  for  Pt  catalysts  toward  methanol  electrooxidation.  X-ray  diffraction  (XRD),  transmission 
electron  microscope  (TEM),  X-ray  photoelectron  spectroscopy  (XPS),  Raman  spectroscopy,  N2  adsorption/ 
desorption  and  temperature  programmed  reduction  (TPR)  are  used  to  characterize  the  properties  of 
Ceo.8Sno.202-<5  solid  solution.  The  results  show  that  Ceo.sSno.202-5  possesses  a  high  specific  surface  area, 
an  enhanced  conductivity  and  a  high  oxygen  storage  capacity  (OSC).  Pt  catalysts  grown  around 
Ceo.8Sno.202-<5  on  carbon  black  form  a  special  Pt-Ceo.sSno.202-5-C  triple  junction  structure,  and  their 
electrocatalytic  properties  are  investigated  in  detail  by  a  series  of  electrochemical  methods.  As  compared 
with  Pt/Ce02-C  and  commercial  Pt/C  catalysts,  Pt/Ceo.sSnt^C^-^-C  catalyst  exhibits  superior  electro- 
catalytic  activity  and  long-term  stability  for  methanol  electrooxidation  in  acid  media.  The  origin  of  the 
enhanced  electroctatlytic  properties  for  Pt/Ceo.sSno.202-5-C  is  closely  related  to  the  OSC  of  Ceo.sSno.2O2 
s  and  the  triple  junction  structure. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Direct  methanol  fuel  cells  (DMFCs)  are  promising  power  sources 
for  portable  electronic  devices  and  electric  vehicles  due  to  their 
high  efficiency,  low  pollution,  convenience  and  practicality  [1-4]. 
In  the  past  decades,  considerable  efforts  have  been  devoted  to 
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promoting  large-scale  commercialization  of  DMFCs.  However, 
there  are  still  unsolved  obstacles  greatly  hampering  its  broad  ap¬ 
plications  [5-7  .  The  main  disadvantage  of  Pt-based  catalysts, 
commonly  used  as  the  anode  catalysts,  is  easily  poisoned  by  the 
intermediate  species  from  the  methanol  electrooxidation  8-10]. 
Moreover,  the  migration  and  agglomeration  of  Pt  nanoparticles  on 
the  carbon  support  also  cause  the  poor  durability  of  the  catalysts 
over  time  11-13  .  To  overcome  these  problems,  some  co-catalytic 
materials  need  to  be  introduced  to  improve  the  electrocatalytic 
performance  of  Pt  catalyst  [3,7,14,15  .  Among  these  supports,  metal 
oxides  (MOs)  combined  with  carbon  materials  (MOs-C)  have  been 
extensively  studied  as  the  hybrid  supports  because  of  their  excel¬ 
lent  properties  for  improving  the  performance  of  Pt  catalysts, 
which  mainly  present  in  the  following  two  aspects:  (i)  the  MOs 
increases  the  resistance  to  poisoning  effect  from  CO-like  interme¬ 
diate  species  [16-21],  and  (ii)  the  MOs  promotes  the  dispersion  of 
Pt  nanoparticles  on  hybrid  support  and  mitigates  their  migration 
and  agglomeration  [22-25  . 

Among  the  various  MOs-C  hybrid  supports,  the  Ce02-C  com¬ 
posite  has  received  considerable  attention  mainly  due  to  the  unique 
characteristic  of  Ce02.  Xu  and  Shen  [26,27  initially  reported  the 
alcohols  electrooxidation  on  Pt-Ce02/C  catalyst  in  alkaline  solution, 
and  observed  a  significant  improvement  in  the  electrode  perfor¬ 
mance  in  comparison  with  Pt/C.  Ha’s  group  [28  reported  that  the 
incorporation  of  9  wt.%  Ce02  can  promote  the  catalytic  activity  and 
stability  of  Pt/C  catalyst  toward  methanol  electrooxidation  via  the 
called  bifunctional  mechanism.  Wang  and  coworkers  [29]  reported 
that  the  Pt/Ce02/graphene  composites,  in  which  the  Pt  nano¬ 
particles  were  deposited  around  Ce02  on  the  graphene  to  give  a 
triple  junction  structure,  exhibited  a  remarkably  enhanced  catalytic 
performance  for  methanol  electrooxidation.  All  these  reports  have 
shown  that  Pt  catalysts  deposited  on  the  Ce02-C  support  exhibit  not 
only  high  dispersion  due  to  the  anchoring  effect  of  Ce02,  but  also 
good  performance  for  methanol  electrooxidation  due  to  the  easy 
release  of  poisoning  intermediates  from  Pt  surface.  The  regeneration 
of  poisoned  Pt  is  ascribed  to  the  fact  that  the  OHads  supplied  by  CeC>2 
efficiently  promotes  the  oxidation  of  poisoning  intermediates.  The 
key  factor  for  OHads  generation  is  the  concentration  of  oxygen  va¬ 
cancies  in  Ce02,  i.e.,  the  oxygen  storage  capacity  (OSC)  of  Ce02.  In 
general,  the  more  oxygen  vacancies  CeC>2  possesses,  the  more  OHads 
Ce02  provides.  However,  the  concentration  of  oxygen  vacancies  in 
the  pure  Ce02  is  lower,  hence  limiting  the  full  development  of  its  co- 
catalytic  action  on  methanol  electrooxidation. 

Doping  with  appropriate  dopants  can  efficiently  increase  the 
concentration  of  oxygen  vacancies  in  CeC>2  [30,31  .  The  doped  CeC>2 
with  a  higher  number  of  oxygen  vacancies  has  shown  the  better 
catalytic/co-catalytic  performance  and  higher  stability  in  many 
catalytic  reactions  [32-35  .  In  the  field  of  alcohol  electrooxidation, 
Zr-doped  Ce02  [36]  and  Pr-doped  Ce02  [37]  have  been  used  to 
improve  the  CO  tolerance  of  Pt/C  catalyst,  thus  enhancing  the 
performance.  However,  these  reports  lack  the  convictive  informa¬ 
tion  on  the  characterization  of  the  crystal  structure  of  doped  Ce02 
to  some  extent.  At  the  same  time,  the  co-catalytic  effect  of  doped 
Ce02  is  still  unclear.  Therefore,  the  related  work  is  expected  to  be 
further  perfected. 

We  propose  the  use  of  Sn  as  a  dopant  to  maximize  the  co- 
catalytic  action  of  Ce02  for  methanol  electrooxidation.  Firstly,  the 
redox  behavior  (Sn4+/Sn2+)  of  Sn  may  improve  the  OSC  of  Ce02, 
which  is  conducive  to  CO  oxidation  during  the  methanol  electro¬ 
oxidation  reaction.  Secondly,  the  addition  of  Sn  into  Ce02  lattice 
may  increase  the  specific  surface  area  of  the  composite,  which  fa¬ 
vors  better  dispersion  and  anchoring  of  Pt,  and  enhances  the 
durability  of  the  catalyst.  Finally,  Sn  may  improve  the  electrical 
conductivity  of  Ce02,  which  is  favorable  for  the  improvement  of  the 
electrocatalytic  activity  of  the  catalyst. 


Based  on  the  above  considerations,  we  have  synthesized  the  Sn- 
doped  CeC>2  solid  solution  (Ceo.8Sno.2C>2-<5)  with  a  higher  OSC, 
higher  surface  area  and  enhanced  conductivity  through  a  sol¬ 
vothermal  method.  Our  tests  show  that  the  composite  of 
Ceo.8Sno.202-<5  and  carbon  black  can  be  used  as  support  of  Pt 
nanoparticles  with  the  improved  electrocatalytic  activity  and 
durability  for  methanol  electrooxidation.  The  structure  and  prop¬ 
erties  of  Ceo.8Sno.202-<5  has  been  studied  in  detail,  and  the  effect  of 
Ceo.8Sno.202-<5  on  the  catalytic  performance  of  Pt  for  methanol 
electrooxidation  has  also  been  discussed. 

2.  Experimental 

2.2.  Chemicals  and  materials 

All  chemicals  were  of  analytical  grade  and  used  as  received. 
Chloroplatinic  acid  (IV)  hexahydrate  (H2PtCl6-6H20)  was  pur¬ 
chased  from  Sino-Platinum  Co.,  Ltd.  Cerium  (III)  nitrate  hexahy¬ 
drate  (Ce(N03)3-6H20),  tin  (IV)  chloride  pentahydrate 
(SnCl4-5H20),  sodium  hydroxide  (NaOH),  ethylene  glycol  (EG), 
isopropyl  alcohol,  ethanol,  methanol  and  sulfuric  acid  (H2SO4)  were 
received  from  Tianjin  Kemiou  Chemical  Reagent  Co.,  Ltd.  Vulcan 
XC-72  carbon  black  (BET  surface  area  of  ~250  m2  g-1)  was  pur¬ 
chased  from  Cabot  Co.  Nation  solution  (5  wt.%)  was  obtained  from 
DuPont  Co.  Commercial  Pt/C  catalyst  (20  wt.%  Pt)  was  purchased 
from  Johnson  Matthey  Co.  All  aqueous  solutions  were  prepared 
using  ultrapure  water  with  a  resistivity  of  18.2  MQ  cm. 

2.2.  Preparation  of  Ceo.8Sno.2O2s  solid  solution 

Ceo.8Sno.202-<5  solid  solution  was  synthesized  though  a  simple 
solvothermal  method.  In  a  typical  synthesis,  quantitative  amounts  of 
Ce(N03)3-6H20  and  SnCl4-5H20  (total  amount  of  metal  ions  was 
2  mmol,  with  Ce:Sn  =  8:2  molar  ratio)  were  dissolved  in  40  mL  of 
ethanol/water  (V/V  =  1:1)  in  100  mL  beaker  under  magnetic  stirring. 
Then,  1.0  mol  L-1  NaOH  was  added  into  the  solution  drop  by  drop  until 
its  pH  value  reached  12.  After  the  mixture  was  stirred  for  about  10  min, 
the  light  pink  suspended  solution  was  transferred  into  a  50  mL  sealed 
Teflon-lined  vessel  and  heated  at  180 0  C  for  24  h  in  a  furnace.  The  vessel 
was  then  taken  out  from  the  furnace  and  allowed  to  cool  to  room 
temperature  naturally.  The  sandy  product  was  separated  by  centrifu¬ 
gation  and  washed  repeatedly  with  deionized  water  to  neutrality.  The 
solid  was  dried  at  80  °C  for  12  h  in  a  vacuum  oven  for  later  use.  For 
comparison,  the  un-doped  CeC>2  was  obtained  in  the  same  steps. 

2.3.  Preparation  of  Pt/Ce0.8Sn0.2O2-5-O  catalyst 

Pt/Ceo.8Sno.202-(5-C  catalyst  was  prepared  though  a  microwave- 
assisted  polyol  process  as  reported  by  Gu  and  coworkers  [38]  with 
some  modification.  In  detail,  the  required  amounts  of 
Ceo.8Sno.202-<5  and  Vulcan  XC-72  carbon  black  were  initially 
dispersed  in  the  mixture  of  EG  and  isopropanol  (V/V  =  4:1)  in 
100  mL  beaker  and  ultrasonicated  for  30  min  to  form  a  uniform 
suspension.  Then  the  required  volume  of  0.1  mol  L-1  H2PtCl6-EG 
solution  was  appended  in  the  suspension.  After  the  mixture  was 
stirred  vigorously  for  3  h,  the  pH  value  of  the  suspension  was 
adjusted  to  12  with  dropwise  addition  of  1  mol  L-1  NaOH-EG  so¬ 
lution.  The  beaker  was  placed  the  center  of  a  microwave  oven 
(2450  MHz,  700  W)  for  consecutive  heating  for  1  min  to  form  Pt/ 
Ceo.8Sno.202-<5-C  catalyst.  The  product  was  washed  repeatedly  with 
acetone  and  hot  deionized  water  until  no  Cl-  ions  were  detected. 
The  homemade  catalyst  was  dried  at  80  °C  for  3  h  in  a  vacuum  oven 
for  further  characterization  and  test.  For  comparison,  Pt/Ce02-C 
catalyst  was  prepared  though  the  same  synthesis  procedure.  For  all 
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the  catalysts,  the  Pt  loading  was  20  wt.%,  and  the  oxide  content  of 
hybrid  support  was  30  wt.%. 

2.4.  Material  characterization 

X-ray  diffraction  (XRD)  patterns  were  obtained  with  a  Bruker 
D8  diffractometer  using  Cu-Ka  (A  =  0.15406  nm)  radiation  at  step 
scan  5°  from  10°  to  80°.  The  accelerating  voltage  was  40  kV  and 
the  applied  current  was  20  mA.  Raman  spectra  were  collected  on  a 
Jobin  Yvon  HR  800  micro-Raman  spectrometer  at  632.8  nm.  X-ray 
photoelectron  spectroscopy  (XPS)  was  performed  by  Kratos-AXIS 
ULTRA  DLD,  using  monochromatic  Al  Ka  (1486.6  eV)  radiation  as 
the  X-ray  source  for  excitation.  The  binding  energies  were  refer¬ 
enced  to  the  C  Is  line  at  284.6  eV  from  adventitious  carbon.  High 
resolution  TEM  (HRTEM)  was  performed  on  a  JEOL  JEM-2100 
electron  microscope  with  an  acceleration  voltage  of  200  kV. 
Carbon-coated  copper  grids  were  used  as  sample  holders  for  TEM 
analysis.  Energy  dispersive  X-ray  spectrometry  (EDX)  was  ob¬ 
tained  with  a  Hitachi  SU8010  microscope.  N2  adsorption/desorp¬ 
tion  isotherms  were  measured  by  a  TriStar  II  3020  at  77  K.  Atomic 
absorption  spectrometry  (AAS)  was  measured  by  Thermo 
Elemental  SOLAAR-M  to  determine  the  accurate  content  of  Pt 
metal  in  the  sample.  Temperature  programmed  reduction  (TPR) 
measurement  was  carried  out  in  a  conventional  setup  equipped 
with  a  thermal  conductivity  detector  (TCD).  The  TPR  experiments 
were  run  in  a  10%  H2/Ar  stream,  with  a  heating  rate  of  10  °C  min'1. 
The  amount  of  H2  uptake  during  the  reduction  was  measured 
using  a  TCD. 

2.5.  Electrochemical  measurements 

All  electrochemical  measurements  were  carried  out  on  a 
computer-controlled  CHI650E  electrochemical  analysis  instru¬ 
ment  in  a  three-electrode  electrochemical  cell  at  25  °C.  A  Pt 
spiral  was  used  as  the  counter  electrode,  and  the  Hg/Hg2S04 
electrode  (0.71  V  relative  to  reversible  hydrogen  electrode,  RHE) 
was  used  as  the  reference  electrodes.  All  potentials  reported 
herein  were  versus  the  RHE.  The  glassy  carbon  (GC)  electrode 
(4  mm  in  diameter)  coated  with  the  catalyst  was  used  as  the 
working  electrode.  The  working  electrode  was  obtained  in  the 
following  way:  5  mg  of  catalyst  was  dispersed  into  2.5  mL 
ethanol  solvent  by  sonication.  Then  5  pL  of  catalyst  suspension 
was  spread  by  pipette  onto  the  surface  of  GC  electrode.  The 
subsequent  evaporation  of  ethanol  led  to  the  formation  of  the 
catalyst  layer.  Finally,  5  pL  of  5  wt.%  Nation  solution  was  placed 
on  the  surface  of  the  GC  electrode  and  dried  before  electro¬ 
chemical  experiments. 

CO  stripping  voltammetry  was  performed  in  0.5  mol  L'1 
H2SO4  with  a  scanning  rate  of  50  mV  s'1.  The  electrochemical 
surface  area  (ECSA)  of  Pt  was  calculated  according  to  the  CO 
stripping  peak  assuming  the  monolayer  absorption  charge  of  CO 
on  Pt  surface  to  be  0.42  mC  cm'2  [39  .  The  electrocatalytic  ac¬ 
tivity  of  catalysts  was  examined  in  0.5  mol  L'1  H2SO4  containing 
0.5  mol  L'1  CH3OH  by  cyclic  voltammetry  (CV)  within  a  potential 
range  from  0.05  V  to  1.2  V  at  50  mV  s'1  and  chronoamperometry 
(CA)  curves  at  the  potential  of  0.6  V.  The  long-term  durability  of 
the  catalysts  was  carried  out  by  a  continuous  1000  potential 
cycling  between  0.05  V  and  1.20  V  at  50  mV  s'1.  Electrochemical 
impedance  spectra  (EIS)  were  obtained  under  a  constant  voltage 
at  frequencies  from  100  KHz  to  0.01  Hz  with  12  points  per 
decade.  Fresh  electrolyte  solution  was  used  for  each  electro¬ 
chemical  measurement  to  ensure  reproducible  results.  The 
electrolyte  solution  was  deaerated  with  ultrapure  Ar  before  each 
experiment. 
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Fig.  1.  XRD  patterns  of  Ce0.8Sn0.2O2_5  and  Ce02. 

3.  Results  and  discussion 

3.1.  Characterization  of  Ceo.sSno.202-5  solid  solution 

The  XRD  patterns  of  Ceo.sSno.202-5  solid  solution  and  un-doped 
Ce02  are  shown  in  Fig.  1.  All  characteristic  diffraction  peaks  for  each 
sample  are  indexed  to  face-centered  cubic  (f.c.c)  fluorite  structure 
of  CeC>2.  No  peaks  of  SnO  or  SnC>2  can  be  found.  We  can  see  that  the 
diffraction  peak  of  Ceo.sSno.202-5  shifts  to  higher  diffraction  angles 
with  the  broadening  of  peak.  The  calculated  lattice  parameter  for 
Ceo.8Sno.202-<5  (a  =  0.5370  nm)  is  also  smaller  than  that  of  un¬ 
doped  Ce02  (a  =  0.5419  nm).  This  is  mainly  due  to  the  fact  that 
the  smaller  Sn  substitutes  the  Ce  in  CeC>2  and  the  formation  of  the 
solid  solution  [40-42  .  The  grain  size  of  Ceo.sSno.202-<5  of  8.1  nm 
calculated  from  (220)  by  using  Scherrer’s  equation  43]  is  smaller 
than  that  of  un-doped  Ce02  (about  10.3  nm).  The  results  indicate 
that  the  doping  of  Sn  into  Ce02  lattice  may  inhibit  grain  growth 
[32,42]. 

Fig.  2  depicts  the  typical  Raman  spectra  of  Ceo.sSno.202-<5  and 
un-doped  Ce02.  For  Ce02,  the  intensive  band  at  about  465  cm'1  is 
assigned  to  the  Raman-active  vibrational  mode  (F2g)  of  fluorite- 
type  structure  [44].  Obviously,  there  is  a  small  shift  of  the  band  at 
465  cm'1  to  lower  frequency  for  Ceo.sSno.202-5  compared  with  un- 
doped  Ce02,  which  is  due  to  the  decline  of  the  vibration  frequency 
of  the  metal-anion  band  and  the  change  of  the  lattice  parameter 
caused  by  doping  Sn  [42  .  This  is  also  evidence  for  the  formation  of 
Ceo.8Sno.202-<5  solid  solution  [45].  In  addition,  two  new  Raman  band 


Raman  Shift  /  cm 

Fig.  2.  Raman  spectra  of  Ce0.8Sn0.2O2-5  and  Ce02. 
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at  about  260  and  600  cm-1  are  ascribed  to  the  presence  of  oxygen 
vacancies  in  CeC>2  [46,47].  It  is  highly  possible  that  the  incorpora¬ 
tion  of  Sn  into  Ce02  lattice  may  induce  more  oxygen  vacancies  and 
enhance  its  OSC,  which  is  favorable  for  improving  the  co-catalytic 
ability  of  Ceo.sSno.202-<5  solid  solution  for  methanol  electro¬ 
oxidation.  This  deduction  will  be  further  verified  by  the  following 
discussions. 

The  TEM  image  of  Ceo.sSno.202-5  solid  solution  is  shown  in 
Fig.  3(A).  It  can  be  seen  that  the  diameter  of  Ceo.sSno.202-,5  particles 
is  about  10  nm,  which  agrees  well  with  the  results  from  XRD  pat¬ 
terns.  The  ring  patterns  of  (111),  (200),  (220)  and  (311)  can  be 
observed  in  the  selected  area  of  electron  diffraction  pattern  of  the 
Ceo.8Sno.202-<5  (the  inset  in  Fig.  3(A)).  HRTEM  image  (Fig.  3(B)) 
shows  the  Ceo.sSno.202-5  (111 )  plane  with  spacing  value  of  0.30  nm, 
which  is  smaller  than  that  of  pure  Ce02  (0.31  nm,  JPCDS  card  No. 
34-0394).  The  decrease  of  the  value  can  be  ascribed  to  incorpora¬ 
tion  of  Sn  into  the  Ce02.  The  actual  Ce:Sn  atomic  ratio  (0.79:0.21 )  in 


5  nm 


Fig.  3.  TEM  (A)  and  HR-TEM  (B)  images  of  Ceo.sSno^C^-,?.  The  inset  in  part  A  shows  the 
selected  area  of  electron  diffraction  pattern  of  Ceo.sSno^Ch-,?. 


Ceo.8Sno.202-<5  solid  solution  can  be  determined  by  EDX  spectrum 
(Fig.  SI,  ESI),  the  measured  result  agrees  closely  with  the  nominal 
ratio.  N2  adsorption/desorption  isotherms  of  Ceo.sSno.202-5  and  un¬ 
doped  Ce02  (Fig.  S2,  ESI)  show  that  the  specific  surface  area  of 
Ceo.8Sno.202-<5  (128  m2  g_1)  is  higher  than  that  of  un-doped  Ce02 
(89  m2  g-1).  The  higher  specific  surface  area  is  favorable  for 
achieving  good  dispersion  of  Pt  nanoparticles,  and  consequently, 
for  improving  the  stability  of  the  catalyst. 

Core  level  Ce  3d  spectrum  of  Ceo.8Sno.2C>2-<5  solid  solution  is 
given  in  Fig.  4(A).  Compared  with  un-doped  CeC>2  (Fig.  S3,  ESI), 
there  is  no  significant  difference  between  the  two  spectra.  In 
Ceo.8Sn0.202-<5,  the  Ce  3ds/2  and  3d3/2  peaks  located  at  882.3  and 
901.0  eV  along  with  the  characteristic  satellite  peaks  correspond  to 
the  Ce  (IV)  state  [28  .  The  peaks  located  at  885.0  and  903.6  eV  are 
characteristic  for  Ce  (III)  state  [48  .  The  detail  deconvoluted  results 
are  listed  in  able  1.  It  can  be  summarized  that  both  +4  and  +3 
oxidation  states  of  Ce  element  coexist  in  Ceo.sSno.202-5.  Simulta¬ 
neously,  the  proportion  of  Ce  (III)  oxidation  states  in  Ce0.8Sn0.2O2-<5 
increases  as  compared  with  the  un-doped  CeC>2.  Sn  3d  core  level 
spectrum  of  Ceo.sSno.202-5  is  shown  in  Fig.  4(B).  The  Sn  3ds/2  and 
3d3/2  peaks  appear  at  486.6  and  494.7  eV,  respectively,  which 
correspond  to  the  Sn  (IV)  state.  Compared  with  Sn02  (Fig.  S4,  ESI), 
the  other  two  peaks  at  485.2  and  493.6  eV  are  typical  of  Sn  (II)  [49]. 
The  coexistence  of  Sn  (IV)  and  Sn  (II)  is  conducive  to  enhancing  the 
OSC  of  Ceo.8Sno.202-<5.  On  the  one  hand,  the  substitution  of  the  Sn 
leads  to  forming  lattice  defects  in  Ce02,  which  promotes  the  gen¬ 
eration  of  oxygen  vacancies  [30,40  .  On  the  other  hand,  the  exis¬ 
tence  of  Sn  (II)  breaks  the  intrinsic  charge  balance.  In  order  to 
maintain  the  electric  neutrality,  the  valence  of  Ce  changes  from  +4 
to  +3,  as  well  as  lattice  oxygen  migrates  to  the  surface  and  takes  off, 
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Fig.  4.  XPS  spectra  for  Ce  3d  (A)  and  Sn  3d  (B)  core  level  regions  of  Ce0.8Sn0.2O2-<5. 
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Table  1 

Binding  energies  and  surface  compositions  from  deconvolution  of  XPS  spectra  for 
Ce0.8Sno.202-<5- 


Sample 

Peak 

Binding 
energy  (eV) 

Species 

Relative 
ratio  (%) 

Ceo.8Sno.202-<5 

Ce  3d 

882.3 

Ce  (IV) 

81.0 

888.3 

Ce  (IV) 

898.2 

Ce  (IV) 

901.0 

Ce  (IV) 

907.8 

Ce(IV) 

916.7 

Ce  (IV) 

885.0 

Ce  (III) 

19.0 

903.6 

Ce  (III) 

Sn  3d 

486.6 

Sn  (IV) 

73.1 

495.0 

Sn  (IV) 

485.2 

Sn  (II) 

26.9 

493.6 

Sn  (II) 

leading  to  the  formation  of  oxygen  vacancies  on  the  surface  [50,51  ]. 
On  the  basis  of  above  analysis,  it  is  deduced  that  the  doping  of  Sn 
into  Ce02  lattice  may  increase  the  concentration  of  oxygen  va¬ 
cancies,  which  is  beneficial  to  enhance  the  OSC  of  Ceo.sSno.202-5. 
This  is  also  confirmed  by  the  Ols  spectrum  of  Ceo.sSno^C^-d.  As 
shown  in  Fig.  S5  (ESI),  the  peak  at  about  531  eV  corresponding  to 
absorption  oxygen  in  Ceo.sSno.202-5  is  much  stronger  than  that  in 
un-doped  Ce02,  which  indicates  that  Ceo.sSno.202-5  has  a  higher 
OSC  and  can  supply  more  oxygen  vacancies  for  reaction  [52]. 

TPR  measurement  was  performed  for  further  verifying  the  high 
OSC  of  Ce0.8Sn0.2O2-5.  The  corresponding  profiles  of  Ce0.8Sn0.2O2-<5 
and  un-doped  Ce02  are  shown  in  Fig.  5(A).  Two  reduction  peaks  for 
un-doped  Ce02  located  at  about  541  and  926  °C  can  be  ascribed  to  the 
reduction  of  surface  and  bulk  Ce4+  species,  respectively  [53,54  .  For 
Ceo.8Sno.202-<5,  two  reduction  peaks  are  similar  with  the  profile  of 
Ce02.  However,  all  these  peaks  become  larger  and  shift  to  lower 
temperature  direction.  This  change  indicates  that  the  dopant  Sn  may 
improve  the  reducibility  of  Ce4+  ion  and  the  migration  rate  of  oxygen 
species  in  Ceo.sSno.202-5,  which  facilitate  the  release  of  the  bulk  lattice 
oxygen  to  generate  oxygen  vacancies  [55,56  .  It  is  consistent  with  the 
results  from  Raman  and  XPS  analysis.  Furthermore,  for  Ceo.8Sno.202-(5, 
two  new  peaks  at  about  258  and  517  °C  may  be  attributed  to  the 
reduction  of  surface  and  bulk  Sn4+  species,  respectively  [57]. 
Compared  with  pure  SnC>2,  the  two  reduction  peaks  also  shift  to  lower 
temperature  direction,  again  indicating  that  the  oxygen  species  in 
Ceo.8Sno.202-<5  are  easier  to  migrate  to  generate  oxygen  vacancies 
[47,51  .  Total  OSC  value  measured  from  H2  uptake  directly  reflect  the 
high  OSC  of  Ceo.8Sno.202-<5.  The  value  of  Ceo.sSno.202-^  is  up  to 
2714.4  pmol  g-1,  much  higher  than  that  of  un-doped  Ce02  (Fig.  5(B)). 

3.2.  Characterization  of  electro  catalysts 

The  XRD  patterns  of  commercial  Pt/C,  Pt/Ce02-C,  and  Pt/ 
Ceo.8Sno.202-<5-C  catalysts  are  given  in  Fig.  6.  The  diffraction  peak  at 
20  of  about  24.8°  corresponds  to  the  (002)  reflections  of  carbon 
black.  The  major  peaks  located  at  20  of  39.8°,  46.2°  and  67.5°  are 
attributed  to  Pt  (111 ),  Pt  (200)  and  Pt  (220)  characteristic  reflection 
planes  of  f.c.c  structure,  respectively.  The  characteristic  peaks  of 
CeC>2  and  Ceo.sSno.202-^  are  also  shown  in  the  diffraction  patterns 
of  the  Pt/CeC>2-C  and  Pt/Ceo.sSno.202-^-C  catalysts,  respectively. 
Obviously,  some  diffraction  peaks  of  Pt  and  Ceo.sSno.2C)2-<5/Ce02 
could  not  be  identified  precisely,  because  some  of  them  appear  in 
similar  20  positions  [9].  Based  on  the  diffraction  peak  of  Pt  (220), 
the  average  crystallite  size  of  Pt  nanoparticles  in  Pt/Ceo.sSno.202-5- 
C  catalyst  is  estimated  to  be  2.1  nm,  which  is  smaller  than  that  in  Pt/ 
Ce02-C  (2.3  nm)  and  commercial  Pt/C  catalysts  (3.3  nm).  These 
results  suggest  that  the  Ce0.8Sn0.2O2-5  with  larger  specific  surface 
area  is  helpful  for  the  dispersion  of  Pt  nanoparticles.  There  is  no 


Sample 

Fig.  5.  TPR  profiles  (A)  and  total  OSC  values  (B)  of  Ce0.8Sn0.2O2-<5  and  Ce02. 

obvious  shift  at  the  positions  of  the  Pt  diffraction  peaks  in  the  three 
catalysts.  However,  the  crystal  lattice  parameter  of  Pt  in  Pt/ 
Ceo.8Sno.202-(5-C  is  0.3908  nm,  which  is  similar  to  that  in  Pt/Ce02- 
C  catalyst  (0.3910  nm)  and  smaller  than  that  in  Pt/C  catalyst 
(0.3923  nm).  The  decrease  of  crystal  lattice  parameter  indicates  the 
existence  of  interaction  between  Pt  and  oxides  [38  .  The  actual 
loading  contents  of  Pt  in  the  three  catalysts  were  checked  by  AAS. 
The  results  show  that  the  Pt  loading  in  Pt/Ceo.sSno.202-5-C,  Pt/ 
CeC>2-C,  and  commercial  Pt/C  catalysts  are  18.6  wt.%,  18.7  wt.%,  and 
19.8  wt.%,  respectively. 

The  HRTEM  images  of  the  Pt/Ceo.sSno.202-5-C  catalyst  are  dis¬ 
played  in  Fig.  7.  It  is  visible  that  most  of  the  spherical  Pt  nano¬ 
particles  with  a  size  of  about  2  nm  are  located  at  the  margin  of 
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Fig.  6.  XRD  patterns  of  commercial  Pt/C  (a),  Pt/Ce02-C  (b),  and  Pt/Ce0.8Sn0.2O2-<5-C  (c) 
catalysts. 
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Fig.  7.  HRTEM  images  (A  and  B)  of  PtlCe0_8Sn02O2-5—C  catalyst. 

Ceo.8Sno.202-<5  deposited  on  carbon,  thus  forming  the  triple  junc¬ 
tion  structure.  The  lattice  fringes  of  Pt  (111)  facet  as  well  as 
Ce0.8Sn0.2O2-5  (111)  and  (200)  facets  can  also  be  clearly  observed. 
The  formation  of  the  triple  junction  structure  is  crucial  to  achieve 
the  high  efficient  co-catalytic  effect  of  Ceo.sSno.202-5  for  methanol 
electrooxidation  [58-60]. 

The  formation  of  the  special  structure  of  the  catalyst  is  strongly 
dependent  on  the  preparation  process.  The  detail  process  is  shown 


in  Scheme  1.  Ceria-based  materials  exhibit  negative  surface  charges 
when  the  pH  value  of  medium  is  higher  than  7.8  [9,38,61,62  .  In  our 
experiment,  the  synthesis  of  catalyst  was  performed  in  a  medium 
with  pH  value  of  12.  Certainly,  the  Ceo.sSno.202-5  with  high  surface 
area  has  more  negative  surface  charges,  thus  being  easily  adsorbed 
on  carbon  black  with  positive  surface  charges  to  form  a  hybrid 
support  [38  .  The  hybrid  support  has  a  strong  hydrophilicity  owing 
to  the  hydrophilic  functional  groups  from  Ceo.sSno.202-5.  The 
improvement  of  hydrophilicity  is  beneficial  for  Pt  deposition 
[63,64].  Simultaneously,  the  Ceo.sSno.2C)2-<5  with  abundant  negative 
charges  also  favors  the  deposition  and  dispersion  of  Pt  nano¬ 
particles  by  a  stronger  electrostatic  interaction  [9  .  In  addition,  the 
reactive  solvent  EG  and  isopropanol  play  an  important  role  in  the 
whole  reaction  process.  The  former  reduces  the  [PtCle]2-  to  Pt  and 
anchors  Pt  on  hybrid  support,  while  the  latter  enhances  the 
dispersion  of  Pt  and  Ceo.sSno.202-5  on  carbon  black  9,38]. 

XPS  was  used  to  testify  the  surface  states  of  the  sample  and  the 
interaction  between  Pt  and  support.  The  survey  scans  of  the  Pt/ 
Ceo.8Sno.202-<5-C  and  Pt/Ce02-C  catalysts  are  shown  in  Fig.  S6 
(ESI).  The  peaks  belong  to  C  Is,  Pt  4f,  Ce  3d,  Sn  3d,  and  Ols  sig¬ 
nals  can  be  found.  The  deconvolution  of  Pt  4f  peaks  in  Pt/ 
Ceo.8Sno.202-(5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts  are 
shown  in  Fig.  8(A).  The  Pt  4f  signals  of  all  three  catalysts  consist  of 
three  doublets,  all  of  which  have  a  spin-orbit  splitting  doublet 
peaks  of  4f7/2  and  4fs/2  [65  .  The  deconvoluted  results  are  sum¬ 
marized  in  Table  2.  The  predominant  species  in  all  three  catalysts 
are  Pt  (0).  We  can  see  that  the  binding  energy  of  Pt  (0)  peaks  for  Pt/ 
Ceo.8Sno.202-<5-C  and  Pt/Ce02-C  catalysts  show  a  positive  shift  in 
comparison  with  the  commercial  Pt/C  catalyst  and  Pt/C  in  previous 
report  [66].  The  positive  shift  of  Pt  (0)  binding  energy,  which  was 
also  observed  in  other  reported  Pt/Ce02-C  catalysts  [38],  may  be 
attributed  to  the  change  in  Pt  lattice  parameter  caused  by  quantum 
size  effect  or  the  formation  of  Pt  alloy  with  the  metal  centers  in  the 
oxides.  The  charge  transfer  from  the  support  could  be  excluded  on 
the  basis  of  XPS  spectra  of  Ce  3d  and  Sn  3d  peaks.  As  shown  in 
Fig.  8B  and  C,  Ce  3d  and  Sn  3d  peaks  in  Pt/Ceo.sSno.202-5-C  have  no 
obvious  shift  as  compared  with  those  in  Ceo.sSno.2C)2-<5-C.  The 
similar  results  are  also  observed  in  Ce  3d  region  for  Pt/Ce02-C  and 
Ce02-C.  The  possible  reason  for  the  lack  of  shift  is  due  to  the 
response  to  the  lattice  strain  originated  from  the  deposition  of  Pt 
into  oxide,  which  influences  the  electronic  properties  [67  .  The 
change  of  Pt  lattice  parameter  along  with  the  concomitant  change 
of  electronic  properties  suggests  the  presence  of  the  intensive 
interaction  between  Pt  and  oxide.  The  interaction  is  favorable  for 
the  improvement  of  the  electrocatalytic  properties  of  catalysts. 

3.3.  Electrochemical  studies 

Fig.  9  shows  the  CO  stripping  voltammetry  curves  of  the  Pt/ 
Ceo.8Sno.202-<5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts.  The  Pt/ 
Ceo.8Sno.202-(5-C  catalyst  exhibits  larger  peak  areas  of  CO  oxidation 
than  other  two  catalysts.  Meanwhile,  the  onset  and  oxidation  peak 


Vulcan  XC-72  Ceo .8Sno .202^  Q  Pt  CH30H+H20 - ►  COz+H+ 


Scheme  1.  The  synthesis  of  Pt/Ce0.8Sn0.2O2-5-C  catalyst  and  the  synergetic  effect  between  Pt  and  Ce0.8Sn0.2O2-<5  for  methanol  electrooxidation. 
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Fig.  8.  XPS  spectra  for  Pt  4f  (A),  Ce  3d  (B)  and  Sn  3d  (C)  core  level  regions  of  the  as- 
prepared  samples:  Pt/Ceo.sSno^Ch-s-C  (a),  Pt/Ce02-C  (b),  commercial  Pt/C  (c), 
Ceo.8Sn0.202-«5-C  (d)  and  Ce02-C  (e). 

potentials  of  Pt/Ceo.sSno^C^-d-C  catalyst  are  lower  than  those  of 
Pt/Ce02-C  and  commercial  Pt/C  catalysts  (in  Table  3).  This  indicates 
that  the  Pt/Ce0.8Sn0.2O2-<5-C  catalyst  is  more  effective  than  Pt/ 
CeC>2-C  and  commercial  Pt/C  catalysts  for  electrooxidation  of 

Table  2 

Binding  energies  and  surface  compositions  from  deconvolution  of  XPS  spectra  for  Pt 
4f  core  level  region  of  Pt/Ceo.sSno.202-,5— C,  Pt/Ce02— C  and  commercial  Pt/C 
catalysts. 


Sample 

Pt(0) 

Pt  (II) 

Pt  (IV) 

Binding 

energy 

(eV) 

Relative 
ratio  (%) 

Binding 

energy 

(eV) 

Relative 
ratio  (%) 

Binding 

energy 

(eV) 

Relative 

ratio 

(%) 

Pt/Ceo.8Sno.202-i 

5— C  71.9 

64.5 

73.4 

22.8 

74.9 

12.7 

75.3 

76.8 

78.3 

Pt/Ce02— C 

71.7 

62.2 

73.1 

24.3 

74.9 

13.5 

75.1 

76.5 

78.2 

Pt/C 

71.0 

56.5 

72.3 

29.7 

74.0 

13.8 

74.3 

75.7 

77.4 

Fig.  9.  CO  stripping  voltammetry  curves  of  commercial  Pt/C  (a),  Pt/Ce02-C  (b)  and  Pt/ 
Ce0.8Sno.202-,5-C  (c)  catalysts  in  0.5  mol  L_1  H2S04  at  a  scan  rate  of  50  mV  s_1  at  25  °C. 

adsorbed  CO.  The  ECSA  of  Pt  nanoparticles  defined  by  the  CO 
stripping  area  is  used  to  evaluate  the  electrocatalytic  activity  of  the 
three  catalysts.  The  results  listed  in  fable  3  reveal  that  the  Pt/ 
Ceo.8Sno.202-(5-C  exhibits  a  larger  ECSA  than  other  two  catalysts. 
The  larger  ECSA  implies  its  great  electrocatalytic  activity. 

The  methanol  electrooxidation  activity  of  Pt/Ceo.sSno.202-5-C, 
Pt/Ce02-C  and  commercial  Pt/C  catalysts  was  studied.  The  CV 
curves  are  shown  in  Fig.  10.  The  onset  potential  of  methanol 
oxidation  in  positive  scan  can  be  determined  by  overlapping  the  CV 
curves  of  in  0.5  mol  L-1  H2SO4  and  in  0.5  mol  L-1  H2SO4  containing 
0.5  mol  L_1  CH3OH  [68  .  The  results  in  Table  3  show  that  the  onset 
potential  of  Pt/Ceo.sSno.202-^-C  catalyst  is  383  mV,  which  is  close 
to  that  of  Pt/Ce02-C  catalyst  and  significantly  lower  than  that  of 
commercial  Pt/C  one.  The  lower  onset  potential  indicates  that  the 
methanol  molecules  are  easily  oxidized  on  the  Pt/Ceo.sSno.202-5-C 
catalyst.  Besides,  the  mass  activity  in  positive  scan  for  Pt/ 
Ceo.8Sno.202-(5-C  catalyst  is  up  to  502  mA  mg-1,  which  is  about  1.2 
times  higher  than  that  of  Pt/Ce02-C  catalyst  and  1.4  times  higher 
than  that  of  commercial  Pt/C  catalyst  (in  Table  3).  Such  a  significant 
enhancement  can  be  ascribed  to  the  synergistic  effect  between  Pt 
and  Ceo.8Sno.202-<5,  i.e.,  Ceo.sSno.202-5  with  sufficient  OHads  species 
on  the  surface  promotes  the  oxidation  of  poisonous  COads  to  release 
Pt  catalyst  active  sites  for  further  methanol  electrooxidation,  which 
has  already  been  demonstrated  in  the  CO  stripping  voltammetry 
curves. 

So  far,  the  acknowledged  mechanism  of  COads  electrooxidation 
process  in  the  Pt-Ce02-C  system  is  bifunctional  mechanism 
[28,69]  represented  as  follows: 

Ce02  +  H20  -  Ce02— OHads  +  H+  +  e~  (1) 

Pt-COads  +  Ce02— OHads  -  Pt  +  Ce02  +  C02  +  H+  +  e"  (2) 


Table  3 

Electrochemical  characterizations  for  Pt/Ceo.8Sno.202_<5— 1 C,  Pt/Ce02— C,  and  com¬ 
mercial  Pt/C  catalysts. 


Sample 

Onset 

potential 

(mV) 

Peak 

potential 

(mV) 

ECSA3 

(m2g-’) 

Onset 

potential 

(mV) 

Mass 
activity 
(mA  mgpt1) 

Pt/Ceo.8Sno.202-(5— C 

351 

833 

96.1 

383 

502 

Pt/Ce02— C 

366 

856 

84.2 

388 

428 

Pt/C 

496 

873 

75.1 

533 

353 

a  Obtained  from  Fig.  9. 
b  Obtained  from  Fig.  10. 
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Fig.  10.  CV  curves  of  Pt/Ceo.8Sn0.202_,5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts  in 
0.5  mol  L-1  H2S04  +  0.5  mol  L-1  CH3OH  at  a  scan  rate  of  50  mV  s-1  at  25  °C. 


Time  /  s 


Fig.  11.  CA  curves  of  Pt/Ceo.8Sn0.202_5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts  at 
0.6  V  for  3600  s  in  0.5  mol  L"1  H2S04  +  0.5  mol  IT1  CH3OH  at  25  °C. 


and/or 

Pt-Ce02  +  xCO  ->  Pt-Ce02-X  +  XCO2  (3) 

The  OHads  species  on  CeC>2  surface  can  react  with  COads  on  Pt 
surface  to  produce  CO2,  and  the  active  sites  on  Pt  surface  are 
released  for  further  methanol  electrooxidation.  Only  when  Pt 
nanoparticles  and  Ce02  contact  with  each  other,  the  COads  on  Pt 
surface  can  diffuse  to  Pt-Ce02  interface  and  be  oxidized  by  OHads 
species  [69,70].  Therefore,  the  resultant  number  of  OHads  species 
and  Pt-Ce02  interface  are  particularly  important  to  remove  COads. 
In  this  work,  the  triple  junction  structure  provides  abundant  Pt— 
Ceo.8Sno.202-<5  interfaces  for  reaction.  Also,  Ceo.sSno.202-5  is  able  to 
release  sufficient  oxygen  vacancies  as  compared  with  un-doped 
Ce02  due  to  the  lattice  defects  caused  by  the  insertion  of  Sn  into 
Ce02  lattice.  The  increased  oxygen  vacancies  in  Ceo.sSno.202-^  lead 
to  a  higher  number  of  adsorbed  OHads  species,  which  boosts  the 
conversion  of  COads  to  CO2  on  the  Pt/Ceo.sSno.202-5-C  catalyst.  The 
schematic  representation  of  enhanced  COads  electrooxidation 
mechanism  is  shown  in  Scheme  1.  It  can  be  summarized  that  the  Pt/ 
Ce0.8Sn0.2O2-^-C  catalyst  exhibits  the  best  performance  for  meth¬ 
anol  electrooxidation  because  of  the  triple  junction  structure  and  a 
higher  number  of  oxygen  vacancies  on  Ceo.8Sno.202-5. 

The  methanol  electrooxidation  activity  and  stability  of  the  Pt/ 
Ceo.8Sno.202-<5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts  were 
further  evaluated  by  CA.  As  shown  in  Fig.  11,  in  the  initial  period, 
there  is  a  sharp  drop  in  current  density  for  all  the  three  catalysts 
due  to  the  poisoning  of  the  intermediate  species  on  the  catalysts. 
After  3600  s,  the  current  density  at  Pt/Ceo.sSno.202-5-C  catalyst 
exhibits  a  less  current  decay  as  compared  with  Pt/Ce02-C  and 
commercial  Pt/C  catalysts.  Interestingly,  Pt/Ceo.sSno.202-<5-C  cata¬ 
lyst  shows  higher  electrocatalytic  activity  and  better  stability  for 
methanol  electrooxidation  than  other  two  catalysts,  which  is 
attributed  to  the  efficient  removal  of  the  intermediate  species 
benefited  from  the  synergetic  effect  between  Pt  and  Ceo.8Sno.202-<5. 

Another  important  aspect  is  to  evaluate  the  charge  transport 
properties  of  the  three  catalysts  by  EIS  measurement.  In  the  Nyquist 
plots,  the  diameter  of  the  primary  semicircle  is  closely  related  to  the 
charge  reaction  resistances  {Rc t)  for  methanol  electrooxidation  71  . 
The  smaller  diameter  of  the  semicircle  corresponds  to  the  higher 
electrocatalytic  activity  of  a  catalyst  for  methanol  electrooxidation. 
As  shown  in  Fig.  12,  the  diameter  of  primary  semicircle  for  Pt/ 
Ceo.8Sno.202-<5-C  catalyst  is  smaller  than  that  of  Pt/Ce02-C  and 
commercial  Pt/C  catalysts,  demonstrating  that  Pt/Ce0.8Sn0.2O2-<5-C 
catalyst  possesses  lower  Rct.  It  should  be  noted  that  there  is  an 


inductive  loop  at  the  lowest  frequency  in  all  three  catalysts,  which 
may  be  attributed  to  the  pseudo-inductive  behavior  from  the 
oxidation  of  COads  coverage  layer  [28,71,72].  The  Pt/Ceo.sSno.202-5- 
C  catalyst  has  the  smallest  diameter  of  inductive  loop.  The  Nyquist 
plots  indicate  that  the  reaction  rate  of  methanol  electrooxidation  for 
Pt/Ce0.8Sn0.2C)2-<5-C  catalyst  is  faster  than  that  for  other  two  cata¬ 
lysts,  which  agrees  well  with  CV  and  CA  results.  The  possible  reason 
is  that  the  COads  on  Pt  active  sites  from  methanol  dehydrogenation 
can  be  effectively  converted  on  the  Pt/Ceo.sSno.202-5-C  catalyst,  and 
consequently,  the  electrooxidation  rate  of  methanol  on  the  catalyst 
can  be  promoted.  The  intercept  of  the  semicircle  on  the  real  axis  in 
the  high  frequency  (the  inset  in  Fig.  12)  represents  the  internal  re¬ 
sistances  [38  .  Pt/C  catalyst  possesses  the  least  internal  resistance. 
The  internal  resistance  of  Pt/Ceo.8Sno.202-<5-C  catalyst  is  lower  than 
that  of  Pt/Ce02-C  catalyst,  which  is  owing  to  the  improvement 
electrical  conductivity  of  Ce02  caused  by  doping  Sn.  The  higher 
electrical  conductivity  is  also  conducive  to  improving  the  electro¬ 
catalytic  activity  of  the  catalyst  for  methanol  electrooxidation. 

The  electrochemical  long-term  stability  behavior  of  the  as- 
prepared  catalysts  toward  methanol  electrooxidation  was  also 
investigated  by  continued  potential  cycling  up  to  1000  cycles  in 
0.5  mol  IT1  H2SO4  containing  0.5  mol  L_1  CH3OH,  and  the  corre¬ 
sponding  results  are  shown  in  Fig.  13(A)-(C).  From  the  normalized 
mass  activity  in  Fig.  13(D),  the  retention  rates  of  mass  activity  for  Pt/ 
Ceo.8Sno.202-<5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts  are 
83%,  78%  and  65%,  respectively.  Clearly,  Pt/Ceo.sSno^C^-C  catalyst 
exhibits  the  best  stability  for  methanol  electrooxidation,  which 
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Fig.  12.  Nyquist  plots  of  Pt/Ce0.8Sno.202_,5-C,  Pt/Ce02-C  and  commercial  Pt/C  catalysts 
in  0.5  mol  L-1  H2S04  +  0.5  mol  L-1  CH3OH  at  0.6  V  at  25  °C.  The  inset  shows  the 
amplified  part  in  high  frequency  regions. 
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Fig.  13.  Continued  voltammetry  cycles  of  Pt/Ce0.8Sn0.2O2-5-C  (A),  Pt/Ce02-C  (B)  and  commercial  Pt/C  catalysts  (C)  in  0.5  mol  L  1  H2S04  at  a  scan  rate  of  50  mV  s  1  at  25  °C.  Relative 
activity  of  the  three  catalysts  based  on  cycle  number  during  stability  test  (D). 


could  be  ascribed  to  the  strong  interaction  between  Pt  and 

Ceo.8Sno.202-<5- 

4.  Conclusions 

In  summary,  Ceo.sSno.202-5  solid  solution  was  synthesized  by  a 
simple  solvothermal  method.  The  incorporation  of  Sn  into  the  Ce02 
lattice  resulted  in  a  high  OSC  of  final  Ceo.sSno.202-5  sample.  The  Pt 
nanoparticles  with  a  small  size  of  about  2  nm  were  successfully 
deposited  around  the  Ceo.sSno.202-,5  on  the  hybrid  Ceo.sSno.202-5- 
C  support  forming  a  triple  junction  structure.  Pt/Ceo.sSno.202-5-C 
catalyst  exhibited  a  high  mass  activity  of  502  mA  mg-1  toward 
methanol  electrooxidation,  which  was  about  1.2  times  higher  than 
Pt/CeCQ-C  catalyst  and  1.4  times  higher  than  commercial  Pt/C 
catalyst.  Tolerance  to  CO  and  long-term  durability  of  the  catalyst 
were  also  greatly  improved  as  compared  with  the  other  two  cata¬ 
lysts.  The  improvement  of  electrochemical  performance  can  be 
attributed  to  the  desirable  co-catalytic  effect  of  Ceo.sSno.202-5,  as 
well  as  the  synergetic  effect  from  the  triple  junction  in  Pt/ 
Ce0.8Sn0.2O2-5-C  catalyst. 
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